Abstract In May 2012 a seismic sequence occurred in Northern Italy that was characterized by two main shocks with a magnitude range between 5.5 and 6. These shocks represent a good case study by which to quantify the monetary losses caused by a moderate earthquake in a densely populated and economically well-developed area. The loss estimation accounts for damage to residential buildings, and considers the full effect of all the seismic aftershock events that lasted for nearly a month. The building damage estimation is based on the European Macroseismic Scale (EMS-98) definitions, which depict the effects of an earthquake on built-up areas in terms of observed intensities. Input data sources are the residential building census provided by Istituto Nazionale di Statistica-the Italian National Institute of Statistics (ISTAT)-and the official market value of real estate assets, obtained from the Osservatorio del Mercato Immobiliare-the Real Estate Market Observatory (OMI). These data make it possible to quantify the economic losses due to earthquakes, an economic indicator updated yearly. The proposed multidisciplinary method takes advantage of seismic, engineering, and economic data sets, and is able to provide a reasonable after the event losses scenario. Data are not gathered for each single building and the intensity values are not a simple hazard indicator, but, notwithstanding its coarseness, this method ensures both robust and reproducible results. As the local property value is available throughout the Italian territory, the present loss assessment can be effortlessly repeated for any area, and may be quickly reproduced in case of future events, or used for predictive economic estimations.
Introduction
Seismic risk awareness has considerably increased in Italy, especially after the latest earthquakes (2009, 2012, and 2016 ) that have caused tragic human and economic losses. Due to the growing concentration of economic assets and people located in urban areas that are exposed to seismic hazard, the risk and the related economic loss caused by their occurrence are becoming increasingly significant.
The demand for a detailed and fully documented seismic risk analysis is increasing from both civil protection agencies and insurance companies. These entities are looking for more accurate data on seismic hazard exposure and the consequent response to the damage of the existing buildings. Local administrators also urgently require the results of seismic risk analysis, especially in those Italian regions of medium to low seismicity and high residential and productive density. In these locations, the risk level is more influenced by exposure and vulnerability factors (Riedel et al. 2015) , as in the case of the Emilia-Romagna Region.
The 2012 Emilia earthquake sequence, despite only moderate magnitude, was characterized by a series of events that generated extensive damage in a densely inhabited area, one of the richest Italian industrial districts. Severe structural damage to approximately 500 factories in the Emilia district was reported (Liberatore et al. 2013 ). Many precast concrete industrial structures were heavily damaged, and up to 7000 employees lost their jobs because of the direct or indirect effects of this disaster. Overall, the sequence resulted in 27 victims, significant damage to public and private structures, and damage to historical heritage such as churches, towers, castles, and palaces (Mucciarelli and Liberatore 2014) . The National Council of Engineers estimated overall losses of about 13 billion Euro based on the funding requested from the Italian government for reconstruction (Centro studi 2014). These figures refer to: (1) restoration of residential and public buildings; (2) damage to infrastructure; (3) damage to historical and artistic heritage; and (4) impact on productive activities. A similar estimated loss was confirmed by an independent source (Bevere et al. 2015) without accounting for the secondary losses due to the interruption of industrial production. Losses reflect the vulnerability to earthquakes of the urbanized setting. Most of the buildings were not designed according to any seismic resistance standard because the area was not seismically classified under a national law when the regional administrators noted the suggested national classification proposed in 2003 and applied it to new construction (OPCM 3274 2003) . During a long transitional period in which the new standards were supposed to be introduced, administrators did not enforce the adoption of appropriate technical standards and for this reason the number of residential buildings constructed with appropriate seismic design cannot be easily estimated. The percentage of seismic designed buildings can be assessed only approximately in 66 municipalities previously ''not classified'' and considered as part of the medium-low seismic risk zone in 2003. On average, the percentage of buildings designed for seismic-resistance in the study area is approximately 4% of the total number of existing residential buildings. There are some differences between provinces, which range from 2.5% for the municipalities of Mantova Province to 6% for those of Bologna. In theory, these estimated values could be even smaller, because the new release of the national seismic building code (Norme Tecniche per le Costruzioni 2008) was only enforced in the Emilia-Romagna Region after 2009. Late approval of dedicated laws explains the substantial absence of any seismic damage reduction measures applied to the buildings hit by the 2012 earthquake, especially residential houses.
The scientific literature presents various methodologies for generating a damage scenario for built-up areas impacted by an earthquake (Erdik et al. 2010) , each method combines variables in different ways. Among them, there are methods that use macroseismic intensity data as the major input, which initially were developed during a series of national research projects aimed at generating earthquake risk scenarios (Giovinazzi and Lagomarsino 2004; Bernardini et al. 2008; Meroni et al. 2008a, b) . These methods differ in their definition of building vulnerability, but all are based on the damage definitions of the European Macroseismic Scale (EMS-98) developed by Grünthal (1998) . Thanks to their ease of use, robustness, and flexibility, these methods have been widely circulated at a European level (Mouroux and Le Brun 2006; Spence 2007; Lantada et al. 2010; Zonno et al. 2010; Syner-G Project 2012; UPStrat-MAFA 2012) .
Methods based on macroseismic intensity data provide statistically reliable results only when applied to large areas and to a large buildings stock. These methods have to cope with the extreme variability of the response of existing buildings to seismic loads, often influenced by site-specific effects. Another important consideration is the limits in vulnerability assessment due to the lack of satisfactory information on construction materials and techniques (Riedel et al. 2015) . In order to handle the lack of calibration of these empirical methods to the highest damage degree, a validation is presented by Pessina et al. (2014) in the case of the historic center of L'Aquila, which was heavily damaged by an earthquake in 2009. A detailed case study was undertaken in L'Aquila because vulnerability and damage data exists for each building in the municipality.
The damage assessment method presented in this article classifies the housing stock into six classes of increasing vulnerability, from A to F, on the basis of the main structural and nonstructural components (cladding, roofing, and decorative elements, for instance) of the building. Our method also estimates the damage distribution conditioned to the seismic intensity levels, defining five degrees of damage (from D1 to D5). The method estimates the damage occurred to residential buildings that is based on the use of Istituto Nazionale di Statistica-the Italian National Institute of Statistics (ISTAT)-census data and on the macroseismic intensity assigned to each inhabited locality struck by the earthquake. Once the intensity is known, it is possible to estimate the damage level by evaluating a priori the building vulnerability using ISTAT (1991) data. It is possible to transpose the damage degrees into levels of reduction of functionality (total or partial) and collapse (partial or total), and then associate an economic value that quantifies the loss.
west of the city of Ferrara (Fig. 1) . Only nine days later, a second event of magnitude M L 5.8 (M w 5.66) occurred about 20 km east of the previous one (Scognamiglio et al. 2012) . The entire seismic sequence consisted of more than 2200 shocks that struck an area of about 50 9 15 km 2 , extended in west to east direction, with only six events of magnitude M w C 5.
The sequence matches the well-known tectonic settings of the area, characterized by a northward verging active thrust front buried under thick alluvial deposits of the Po River plain, with little evidence at the surface (Burrato et al. 2012) . Historical reports for this area record few events (Rovida et al. 2016 ) with moderate magnitude around M w 5.5, among which the Ferrara (1570) and the Argenta (1624) quakes represent typical cases. But recent studies suggest that the historical seismicity record of the area is far from complete (Castelli et al. 2012 ).
Right after the first damaging event of 20 May, two distinct macroseismic surveys were performed. These data collection efforts covered a total number of 196 localities, distributed over 88 municipalities (Fig. 1c) . During the early emergency phase, 187 localities were surveyed based on the MCS (Mercalli Cancani Sieberg) scale (Sieberg 1930) , which is suitable for a faster attribution of intensities. The maximum assessed MCS intensity was VII-VIII (Galli et al. 2012) . The EMS-98 macroseismic scale (Grünthal 1998 ) was used by another group of experts to assess the intensity of 87 localities, and obtained a maximum intensity of VIII (Tertulliani et al. 2012) . The intensity estimation that employed the EMS-98 scale takes longer than its MCS counterpart, because the EMS-98 scale requires a more detailed survey of the entire locality. So the area surveyed with the EMS-98 scale was restricted to those localities closer to the epicentral area, and resulted in only a few points with low intensity estimates. Given the (2004) complexity of the seismic sequence, the collection of intensity data considers the overlapped effects of damage due to all events (Tertulliani et al. 2012) .
Since the proposed damage estimation method is based on the EMS-98 scale definitions, we tried to use all the available intensities assessed in the field independently from the adopted scale in order to improve the reliability of the shaking scenario. The relationship between the two different intensity scales had to be verified. Musson et al. (2010) suggest that an estimated EMS-98 and MCS intensity can be considered equal, but an in-depth analysis of the available intensity data for the 2012 earthquake shows a different trend. We compared the MCS and EMS-98 intensity values in the 78 localities surveyed by both groups (Fig. 1b) . The differences between EMS-98 and MCS values are positive (45 cases) or null (30 cases), they are slightly dependent on the level of intensity and are about 0.4 on average.
Congruent with the observed trend, the 87 intensities with the EMS-98 estimations were integrated with 109 additional MCS intensities increased by half a degree, which resulted in a total number of 196 macroseismic observations (Fig. 1c) . The extra uncertainty added by this procedure outweighs the disadvantage of an otherwise extremely partial scenario that only considered a small epicentral area. The integrated MCS points are characterized by low intensities (87 points with intensity V and 17 with intensity V-VI). The intensity increase of half a degree is conservative and it accounts for low damage level on a wide area.
Subsequently these 196 intensity points were interpolated by applying the Natural Neighbor method, which produces a reliable intensity scenario for all localities (Fig. 1d) . Among the array of interpolation algorithms available, the Natural Neighbor method (Sambridge et al. 1995) was selected because it is ranked among one of the most conservative solutions, as reported in various studies (Bater and Coops 2009; Montealegre et al. 2015) . The Natural Neighbor method is a useful way to interpolate reference points by applying to them weights based on proportionate areas that are defined by the surrounding points (Voronoi polygons). The interpolated surface passes through the input samples and it is smoothed everywhere except that in the locations of the input samples. Consequently, the originally assessed intensity values are fully preserved. In addition to its computational efficiency, this method also works well with the irregularly distributed data that characterizes our case study.
The Vulnerability of the Residential Buildings
Census data are important for assessing residential building vulnerability over large areas. The Italian National Institute of Statistics (ISTAT) periodically conducts a census of dwellings and provides a set of information on housing that is useful for seismic damage assessment. Census data are available for the entire country, and these data allow a reliable estimate of the total number of buildings and their corresponding volume; a rough classification in terms of age and some typological parameters is provided as well.
ISTAT data on residential buildings are provided at census tract resolution, a subdivision of the municipality. When data on census tracts are disaggregated, it is possible to correlate the information. Buildings are described by multiple characteristics: structural typology, date of construction (or renovation), number of floors, building position in the block, state of repair, and quality of maintenance (Table 1) . By correlation of these statistical variables, it is possible to quantify associated features of the buildings (that is, how many buildings with a specific structural typology, for a given building age and number of floors, with certain aggregation status and maintenance level are in each census tract).
Vulnerability is evaluated using the approach proposed by Bernardini et al. (2008) , which defines a score for homogeneous groups of buildings. The classification procedure is consistent with a vulnerability assessment (Meroni et al. 2000) calibrated on more than 28,000 detailed GNDT (Gruppo Nazionale per la Difesa dai Terremoti- National Group for the Defence Against Earthquakes) buildings vulnerability forms (Benedetti and Petrini 1984) collected from all over Italy. In our study, an average GNDT vulnerability index was evaluated for homogenous groups of buildings on the basis of cross-correlated ISTAT parameters. In Bernardini et al.'s (2008) approach, the typological parameters, derived from ISTAT data (for example, age, number of floors, and structural context), provide a vulnerability index according to the following relationship:
For a given k structural typology, the factors Delta_i and Delta_j (Table 2a) refer respectively to the i ranges of the construction age (or total retrofitting) of the buildings and to the j typological factors shown in Table 2b . The factors Manut and Classif account for the state of building maintenance and the year of seismic classification of the municipality. The last parameter was not applied in the present analysis because the seismic norms in this area were only enforced after 2009. The amount of housing built after 2009 cannot be quantified by ISTAT data. The corresponding EMS-98 vulnerability class is determined according to the range of the vulnerability score, as shown in Table 2c (Bernardini et al. 2008 ). Vulnerability classes range from A (the weakest buildings, having the highest indices) to F (the most resistant ones, with the lowest scores). In general, masonry buildings, which have a vulnerability index between 0 and 60, belong to classes from A to D; reinforced concrete buildings have an index between -20 and 45 (classes B-E); soft first storey buildings have an index between 0 and 50 (classes B-D).
Despite the fact that recent studies (for example, Riedel et al. 2014 ) suggest a probabilistic assessment of vulnerability in order to account for uncertainties in the class assignment, we adopted the vulnerability classification proposed in Bernardini et al. (2008) in the expectation that a deterministic approach calibrated on a large amount of Italian building data can be sufficiently reliable.
The 1991 census (ISTAT 1991) was taken as the starting point, since it provides disaggregated data at census tract resolution. The latest censuses conducted in 2001 and 2011 only deliver aggregated data publicly for the residential building stock, which makes it impossible to correlate information at municipal level. The latest censuses comply with a strict national law on confidentiality of information, enforced beginning in 1996, which prohibits the public delivery of data that may expose sensitive personal 
information. This limitation does not allow an intersection of the building typological characteristics, which is a basic and fundamental step for applying the method of seismic vulnerability evaluation adopted in this research. For this reason, a different approach had to be implemented for the vulnerability assessment of housing built after 1991. By performing our analysis at a municipal scale, which is the smallest administrative area where a good level of accuracy is assured, we found a compromise solution. As a first step, the 1991 census data was compared to both the 2001 and 2011 censuses, in order to quantify the variations in building typological characteristics over the last 20 years and to understand how much the pre 1991 data might fit the existing situation. In the 88 municipalities considered, the number of inhabitants increased by more than 100,000 units and the built-up environment increased approximately by 19% between 1991 and 2011. Figure 2a shows an overview of housing stock growth, expressed in terms of a percentage for each province; the most evident changes are found in Modena and Ferrara Provinces, which increased by 34 and 21% respectively.
A new EMS-98 vulnerability distribution is evaluated for housing built after 1991, matching the unaggregated variables of the 2011 census available at the provincial level. Because the unaggregated building characteristics available are limited to the structural typology, age of construction, and quality of maintenance, the vulnerability assignment method proposed by Bernardini et al. (2008) was only partially adopted. To improve the reliability of the classification, the other missing parameters (number of floors and position in the block) were analyzed by assigning both the minimum and the maximum score admitted in the Bernardini et al. (2008) method. In order to ensure the greatest safety, the final classification was performed by investigating all the possible combinations among these scores and assuming the higher vulnerability class associated.
To quantify the amount of housing stock growth in each municipality the trend of the census variable-housing surface occupied by at least one inhabitant-was evaluated over the last 20 years. We assumed that the variation of the building stock is ruled by the following conditions: (1) in case of a positive variation, we assumed that the new buildings follow the vulnerability distribution assessed at the province level; (2) those municipalities with a negative trend in their building stock would most likely have eliminated buildings in the worst conditions. Finally, a vulnerability distribution was obtained, projected on the data of the 2011 ISTAT census.
This vulnerability distribution cannot be easily implemented at the census tract level because the quality and resolution of the census tract boundaries, published by ISTAT, have drastically changed at every census release. Taking into account 20 years of administrative evolution, the researcher has to consider that some municipalities have merged, other census tracts were moved to neighboring municipalities, and some municipalities migrated to a neighboring province. Figure 2b shows the estimated distribution of building vulnerability classes based on ISTAT 1991 data and its updated values to year 2011. The updated distribution of vulnerability shows an increase in the lower vulnerability classes (C and D), and a slight decrease in the most vulnerable classes (A and B). This overall pattern demonstrates an expected decrease in building vulnerability in the last 20 years in the study area owing to a better construction quality of the newer buildings.
The vulnerability distribution of building stock in the study area is mapped in Fig. 3 for each EMS-98 class: the area under investigation is characterized by the predominance of buildings in vulnerability categories C (62%) and Overall, the vulnerability levels of buildings were lower in the Emilia-Romagna Region than those in Lombardia and Veneto Regions, where the extremely fertile territory, crossed by the Po River, is characterized by rural, wider dispersed, and poorer settlements (Fig. 3 ).
The Damage Estimation Based on Macroseismic Data Interpretation
Methods for building damage assessment based on definitions contained in the EMS-98 scale classify residential buildings into 6 vulnerability classes (A-F), and evaluate their damage distribution in five classes (D1-D5: negligible, moderate, substantial to heavy, very heavy damage, and destruction), which accounts for the damage level of both the main structural and nonstructural components. The EMS-98 scale adopts qualitative ratings to evaluate the frequencies of buildings with different degrees of damage, for each vulnerability class and for each macroseismic intensity (V-XII) found in Table 3a . For instance, the scale defines that intensity degree VI has occurred when ''damage of grade 1 is sustained by many buildings of vulnerability class A and B; a few of class A and B suffer damage of grade 2; a few of class C suffer damage of grade 1'' (Grünthal 1998, p. 18) .
According to these methods, it is possible to define the damage probability matrices implicitly encoded within the EMS-98 scale. The damage scale also could be described through the interaction between the vulnerability classes and the assessed intensity. The qualitative ratings are selfexplanatory terms (for example, few, many, most) that can be expressed in fuzzy mode into numerical values of probability (damage probability matrix) as formalized by several authors (Lagomarsino and Giovinazzi 2006; Bernardini et al. 2007 ).
In the EMS-98 scale it is not possible to assign a precise value to damage probability because the self-explanatory terms are defined as a range of values and because some classes of vulnerability and intensity are characterized by at least two levels of damage. Following the numerical approach based on a fuzzy set theory by Bernardini et al. (2007) , it is possible to extrapolate a complete description of the damage distribution by making a reasonable linguistic completion to the definitions provided by the scale. The authors introduce five more adjectives (Nearly None, Few, Many, Most, and Nearly All) and quantify them with the condition that the sum of the percentage for each of the membership functions for each fuzzy set is equal to 1. To respect this condition, one more class of damage was introduced in the extended matrix that corresponds to the state of No damage (D0). The result of the linguistic completion of the EMS-98 scale is summarized in Table 3b .
This study adopts the numerical assumptions proposed by Bernardini et al. (2007) for the quantification of terms in the damage probability matrix (an example, for class B, is shown in Table 3c ) . The distributions of the built-up area for each level of damage are illustrated in Fig. 4 .
The damage distribution maps show a much-damaged central area, which was affected by both mainshocks of the 2012 earthquake on 20 and 29 May. Here, the municipalities of Mirandola, Cavezzo, Novi di Modena, Moglia, and Concordia sulla Secchia recorded the highest percentage of damage for all D1 to D5 damage levels due to seismic shaking and, probably, the occurrence of site effects. In the town of San Possidonio, placed exactly in the middle of the municipalities mentioned above, the damage level is lower because of the low intensity observed. Two outlying areas appear from the D4 level down, bordering the high damaged central zone to the west and east. Each of these areas is the closest to one of the two epicenters so, most probably, these municipalities were hit mainly by one of the two earthquakes, and their buildings have suffered a higher damage compared to other parts of the territory, but they are less affected than those areas between the two epicenters.
Market Values of Residential Buildings
In this study we develop an analysis of monetary losses due to earthquakes that relies on housing market values. Typical approaches that attempt to assess monetary losses are firmly based on reconstruction costs-those costs required to restore a building to the same physical and functional conditions as before the seismic event-for example the reports by Associazione Nazionale fra le Imprese AssicuratriciNational Association of Insurers Companies (ANIA and Guy Capenter groups 2011). Reconstruction costs do not consider the exposed real estate value, which causes a potential underestimation of the total amount of monetary losses. In fact, there is no well-recognized housing value that describes intrinsic and objective characteristics (Davis 2011; Modica et al. 2016) , because these features may vary according to a series of factors that depend on evaluation goals-more precisely on the established relationship between the value of a good and the people wishing for access to that good. Moreover, the cost of (re)construction heavily depends on the building location with respect to the construction market, which is mostly uncorrelated to the real estate market (Cipollotti 2013) . In the end, reconstruction costs can only partially reflect exposed real estate value and potential monetary loss. As an example, even in a case where the housing value is equal to the cost of reconstruction, the perceived risk in an area may change after a seismic event. This altered perspective can lead to a situation in which the initial housing value cannot be fully restored with the simple reconstruction costs (Murdoch et al. 1993; Naoi et al. 2009 ).
The housing market value, even with its well-known limits, can be adopted for evaluating the monetary losses produced by an earthquake, because such a value represents well the aggregated sum of multiple socioeconomic factors, from the perceived value of the area where the building is located up to the construction quality. The assumption of this study is that the difference in housing market value before and after a catastrophic event, such as an earthquake, reflects accurately the resulting impact on the real estate market. Therefore market value is a more Fig. 4 Percentage distribution of damaged buildings within damage levels from D1 to D5. The blue line represents the Po River reliable indicator of earthquake loss than is the cost of reconstruction.
Housing market values in Italy are officially released by the Observatory of the Housing Market (OMI, the Osservatorio del Mercato Immobiliare) that is part of the Italian Revenue Agency (Agenzia delle Entrate). OMI provides semiannual estimates of the maximum and minimum values of many types of buildings at a submunicipal level based on the actual trades that take place within a given time span. OMI reports 19 building categories; this article focuses on residential buildings only, since the available macroseismic data is limited to this type of built-up area. According to OMI, built-up areas are subdivided into five categories: (1) high-quality units (for example, the residential units of a building with good general characteristics and value); (2) low-quality units (for example, residential units of a building with low overall characteristics and value); (3) prestigious units (for example, residential units with overall and historical characteristics of particular value); (4) traditional units (for example, residential units showing typical architectural and/or urban characteristic of the areas in which it is located); and (5) villas (for example, residential units with superior construction quality and exclusive characteristics such as a park or a garden).
OMI data define homogenous segments of the local real estate market, subdividing the overall built-up areas into subareas, called districts, which are areas characterized by similar socioeconomic and environmental conditions. These districts are shaped by taking into account the distance from the center of the built-up area and establishing a ranking based on five levels: historical center, semicentral, outskirt, suburb, and rural areas (Osservatorio del Mercato Immobiliare 2009). In addition, OMI takes into account the average state of building maintenance in three levels: good, normal, and poor, as well as the average building type in the area.
For both maximum and minimum values, a synthetic weighted average is calculated for all OMI structure typologies, which considers that OMI data only provides the average value for each type of dwelling per district and yields no information about the number of existing buildings. The procedure adopted to obtain a monetary value for the entire district uses socioeconomic data provided by ISTAT (population, demographic variance, employment, number of family members, and so on), and makes a number of assumptions on the causal effect of socioeconomic variables on housing quality that are linked firmly to the socioeconomic literature. The study assumes that the higher the population density is in a district, the lower the quality of the houses will be (Chay and Greenstone 2005) , while the higher the socioeconomic conditions are, the better the quality of the houses will be . The general procedure takes the following steps to generate both maximum and minimum values:
1. Analysis of a set of 174 variables, covering demographic (population, demographic balance, ageing, and so on), economic (employment), and social (education) information, all data provided by ISTAT and related to the 1991 census; 1 2. Because ISTAT data are available at the level of the census tract, it was necessary to aggregate these tracts manually to best match the shape of each OMI district; 3. Given the large number of correlated variables in the OMI data, the information is synthesized through a principal component analysis and based on four orthogonal factors (population, f 1 ; employment, f 2 ; household characteristics, f 3 ; education, f 4 ), which are detailed in Table 4a ; 4. A weighted average value is defined according to the probability that a type of dwelling is standing in one of the five submunicipal areas (center, semicentral, outskirt, suburb, and rural) given the difference in their socioeconomic values. For this purpose, we used a probit model, a type of regression where the dependent variable can only take two values. Dummy variables are introduced also, resulting in the following probit model:
where y is the dummy variable of the dwelling type i in the area j, f are the factors of the principal component analyses, and e is the error term. The dummy assumes value 1 if in the area j there is the building type i, and 0 otherwise. By applying this method, it is possible to identify the probability that a type of residential unit is present in each submunicipal area. Results of the probit analysis are shown in Table 4b , while normalized average weights are reported in Table 4c . 5. Housing market value data prior to the earthquake are adopted (first half of 2012) to define a weighted minimum and maximum housing value per district by using the results in Table 4c . Finally, synthetic municipal housing values are defined as the simple average of the district's housing values.
Furthermore, the mean value is defined at the municipal level, and as used in this analysis, is given by the arithmetic average between minimum and maximum municipal values as described above.
The weights reported in Table 4c are necessary to define the weighted average local property value at the municipal level. Indeed, according to our data we have property prices defined at category level (for example, high-low quality houses) and at submunicipal area (for example, center, suburb, and so on). The weights are then useful for the construction of the synthetic municipal value that is used in Sect. 6 for the economic loss assessment.
Economic Loss Assessment
Most of the models for the seismic loss assessment correlate the amount of building damage to a corresponding economic loss through a parameter called the cost ratio. This ratio relates building repair cost to replacement cost (ATC 1985; FEMA 2003) and represents the decreased building value due to seismic effects. Cost ratio values especially calibrated for the EMS-98 damage classes and the Euro-Mediterranean region can be found in the earthquake risk literature (Mouroux 2003; Roca et al. 2006) . Cost ratio values still are widely debated, and may vary considerably depending on the way the ratio is calculated. A validation study on seismic loss assessment in Turkey (Bal et al. 2008) proposes higher cost ratio values than those typically reported in other studies. This difference is due to the observation that replacement costs are usually higher than construction costs because of the need to consider the demolition costs and debris disposal charges of heavily damaged buildings (D4 and D5). Among the values proposed in these different studies , the cost ratio values selected are reported in Table 5 .
Once the damage distribution of the built-up area is known for each municipality, it is possible to calculate the damage ratio (D R ) as the total decrease of the building value due to seismic effects; this parameter, multiplied by the cost of construction, represents the total amount of economic loss. In the following formula, assuming a cost of construction that equals 1, D R is calculated as the sum of the average Cr values reported in Table 4 multiplied by the extension of each damage level:
Summing up, the building damage scenario was calculated at the municipal level. The total amount of building damage in a municipality is represented by D R . The damage ratio distribution is shown in Fig. 5a . As expected, the greatest values of the damage ratio match with the most severely shocked epicentral area, or alternatively, the most densely populated municipalities.
The application of this procedure to a real scenario is rather difficult, because the construction cost is rarely available as it is greatly influenced by many factors such as structural type, construction quality, building materials, and the location of the house in the urban context. Usually damages are combined with regionally calibrated parameters to calculate the direct economic losses. As an example, the construction cost per square meter of each building type is dependent on the average rental rate and on the annual gross sales.
This study quantifies loss as a percentage of the building value that corresponds to the property value on the market provided by OMI, and not to the cost of construction. The adoption of a market value, including both direct and part of indirect costs, should lead to a higher estimated monetary loss value because it considers multiple factors.
For each municipality a minimum and a maximum OMI value are available and an average value was adopted to perform the economic analysis. The distribution of these average municipal real estate values is shown in Fig. 5b . The highest OMI values correspond to the city of Modena and to other smaller municipalities in the southern part of the study area, whereas the lowest values are found in the rural territory near the Po River in Mantova Province, where buildings are poorly built and therefore highly vulnerable to seismic events (Fig. 3) . The overall loss is calculated by multiplying D R and the average OMI market value for each municipality, adopting the minimum, maximum, and average values of both parameters and testing all the possible combinations (Table 6a) . As reference value, the average municipal loss (orange area in Table 6 ) is shown in Fig. 5c .
The resulting average monetary losses estimated in the study area is just higher than 1400 million Euro. At the provincial level, the most significant loss occurred in Modena Province with more than 795 million Euro, followed by the Ferrara and Mantova Provinces with more than 212 and 175 million Euro, and finally, the provinces of Bologna, Reggio Emilia, and Rovigo with 106, 92, and 21 million Euro, respectively. The town that has faced the greatest loss is Mirandola, with an estimated loss of approximately 245 million Euro. Modena and Ferrara, rather far from the epicentral area and thus exposed to a moderate level of shaking, suffered high loss (162 and 148 million Euro) probably due to the large number of damaged buildings combined with their high market value.
A sensitivity analysis was carried out in order to check the influence of the variability of the considered parameters on the final loss. Table 6 reports: (a) the scheme of the analysis and (b) the related loss. By keeping a steady average value for Cr and varying the municipal OMI market value, the overall loss ranges between ± 13.2% (light yellow areas) compared to the reference average loss (orange area). In contrast, with a steady average OMI value and a variable Cr, the overall loss ranges between ± 26.2% (light yellow areas), which highlights this parameter as the most sensitive for the model. By varying both Cr and OMI values, the final extreme loss ranges from -36% up to ? 43% (dark yellow areas). Some quantifications of loss are given in Table 6b for each province.
The results emphasize that, by varying the OMI values (Loss OMI -and Loss OMI ? ), Rovigo Province records a maximum variability (± 14%) and, conversely, a minimum value is recorded for Bologna Province (± 9%). Accounting for the extreme values of both Cr and OMI parameters, the Loss min and Loss max have the maximum variability for Rovigo Province (-43 to ? 53%), whereas the lowest difference occurs in Bologna Province (-36 to ? 42%). These loss estimates are related to direct loss of residential built-up areas only, and do not account for such induced losses as relocation, unrealized losses, and the loss of income and lease (Whitman et al. 1997) , neither is damage that occurred to infrastructures, facilities, and productive activities taken into account.
Conclusion
This study presents a viable procedure for assessing the economic loss suffered by the municipalities in a welldeveloped urban area hit by a seismic event of moderate magnitude by using freely available data as input. The 2012 Emilia earthquake in Italy is well suited as a representative case study for an economic loss assessment in the most frequent case of moderate hazard and high exposure area. The analysis, performed at the subregional scale, combines the national census data provided by ISTAT with macroseismic intensity surveyed after the events. The study focuses on the economic quantification of the residential building damage caused by an earthquake, and adopts the housing market value provided by OMI as a reliable economic indicator, instead of the cost of construction, which is commonly used, but is difficult to quantify. Initially implemented at a detailed scale, the loss assessment procedure was then developed at a municipal scale through the introduction of several critical assumptions, such as that a set of intensity values rounded off at municipal scale and an updated building vulnerability analysis based on revised ISTAT data processing. The proposed procedure can easily be applied to develop scenarios of earthquake loss in other areas of Italy by taking advantage of publicly available and reliable input data, which is constantly revised by public authorities.
It is not easily possible to validate our analysis, nor to perform a comparison between the presented loss assessments, related to residential building only, with the spending forecast estimated by local authorities responsible for reconstruction, which also considers damage to infrastructure and nonresidential structures (Centro studi 2014). Estimates of the overall economic costs of an earthquake consider a wide range of variables in addition to the losses related to damaged residential buildings, such as the funding costs for repair or replacement of damaged public buildings, removal, disposal, and replacement costs of damaged infrastructure (roads, railways, water supply systems, sewerage collection and treatment systems, natural gas pipelines, and solid waste collection, treatment, and disposal systems), damaged historical and artistic heritage, and destructive impacts and activity interruptions inflicted on other productive activities (service industries, agriculture, and factories). The estimated cost to residential buildings provided in this study, which ranged from 900 million to a maximum of 2000 million Euro, reasonably represents 10-15% of the total amount provided by other, more comprehensive estimates (Centro studi 2014; Mucciarelli and Liberatore 2014).
Further validation procedures might be possible by considering data released by the regional administrations that report their loss estimates and investments in the affected area. For instance, the Emilia-Romagna Region has already granted about 2000 million Euro intended for the reconstruction of residential buildings and commercial areas (Regione Emilia Romagna 2017) . This estimate refers to the situation as of February 2017, and it is updated monthly as the reconstruction process is still on going.
An additional source of data for a future improvement of this work may come from detailed surveys performed after each earthquake by the Italian Protezione Civile (Civil Protection) department, covering the extent to which residential buildings have incurred damage (Masi et al. 2017) . Although the main purpose of these surveys is to define the level of usability of each damaged building, these data can also be used to verify the reliability of the damage scenario based on macroseismic intensity data, as soon as the collected data are made public.
